We study the factors affecting the conditions of formation of adhesive contacts and the methods aimed at the improvement of the strength characteristics of adhesive joints of polymers with metallic base. The high efficiency of the microwave electromagnetic treatment for the modification of composite materials based on epoxy binder is demonstrated. The optimal duration of the microwave treatment of epoxy compositions is determined.
The volumes of production and consumption of all sorts of polymeric materials continuously increase throughout the world. Among numerous polymeric structural materials, a significant place is occupied by epoxy resins due to a valuable complex of properties and universal character of their application as cast and pressed materials, glass-reinforced plastics, compounds, glues, lacquer coatings, and structural materials for the parts of machines, devices, and mechanisms. Hence, it is important to develop new methods aimed at the formation of the materials satisfying the contemporary technological, economic, and ecological requirements. At present, the electrophysical methods of treatment of the materials and products are extensively studied. They are characterized, in particular, by the efficient action of microwave electromagnetic oscillations. However, the influence of microwave electromagnetic fields on the epoxy composites aimed at the modification of their adhesive and strength properties is studied quite poorly.
The objective of the present work is to determine the optimal duration of the microwave treatment of epoxy composites aimed at the formation of materials with higher adhesive characteristics and to study the influence of finely divided fillers on the adhesive strength and residual stresses in the coatings created on the basis of these materials.
Materials and Methods of Investigations
For the formation of composites, we used a ED-20 epoxy 4,4′-isopropylidenediphenol oligomer (GOST 10587-84) with a density ρ = 1.2 ⋅10 3 kg/m 3 as a binder. The materials based on ED-20 are characterized by high specific parameters of strength, insignificant shrinkage, high adhesive and cohesive strength, technological efficiency of application to large surfaces of complex shape, and extended base of raw materials. For the plasticization, we used PDEA-4 polydiethylacrylate characterized by the ability to react with macromolecules of the epoxy oligomer due to a large number of hydroxyl groups. The plasticizer was introduced in a binder in an amount of 16 m.p. (here and in what follows, the content is given per 100 m.p. of the ED-20 epoxy oligomer).
As a hardener, we used polyethylenepolyamine (TU 6-05-241-202-78). As a result of using this hardener, the composites harden at room temperature, which is expedient for the application of coatings to the surfaces of technological equipment of complicated shapes. Various stages of sewing were modeled and studied by introducing 8 m.p. of the hardener in the composition. The epoxy binder was formed according to the following technology: dosage of the components, hydrodynamic combination of the plasticizer with an ED-20 epoxy 4,4′-isopropylidenediphenol resin with an aim to get a homogeneous mixture, heat treatment of the mixture for τ = 4.0 ± 0.1 h at a temperature T = 393 ± 2°K, cooling down to a temperature of 293 ± 2°K, introduction of the hardener, and solidification of the composition. The composites were hardened in the following experimentally established mode: the formation of specimens and their holding for 2 h at a temperature of 293 ± 2°K, heating at a rate V = 3 deg/min to a temperature of 3933 ± 2°K, holding for τ = 2.03 ± 0.05 h, and slow cooling down to a temperature of 293 ± 2°K. In order to stabilize the structural processes in the matrix, the specimens were held for 60 h in air at a temperature of 293 ± 2°K with subsequent tests.
The microwave activation of the plasticized binder and epoxy compositions was carried out in the previous stage of formation of the material (prior to the introduction of the hardener, which guarantees a more intense development of physicochemical processes on the interface in the course of formation of the composite materials) with the help of a specially designed microwave emitter at a frequency f = 2450 MHz and a wavelength of 0.1225 m, for a working voltage of 220 V and a current frequency of 50 Hz. The duration of treatment of the compositions t = 30-120 sec. The mass of weighted portions of the compositions m = 0.20 ± 0.01 kg. We treated compositions containing a thin layer with a thickness h = 25-30 mm.
The adhesive strength of the composites to the metal base was studied according to GOST 14760-69 by measuring the mode I fracture stress for a pair of glued specimens ("method of mushrooms"). The residual stresses in the matrix were measured by the cantilever method [1] .
Discussion of the Experimental Results
In order to determine the optimal duration of the microwave treatment of polymeric compositions aimed at the improvement of the adhesive and strength characteristics of protective coatings, we performed our investigations in several consecutive stages. In the first stage, we determined the influence of microwave treatment on the adhesive strength of materials filled with finely divided powders (5-20 µm) of ferromagnetic red sludge and paramagnetics, such as Cr 2 O 3 chromium oxide and TiB 2 titanium boride. It was preliminarily established [2] that the introduction of fillers in the optimal concentration (30 m.p.) guarantees the formation of the maximum possible number of efficient nodes between the dispersed particles and the oligomer and between the oligomer and the substrate, which leads to the formation of epoxy composites with optimal characteristics of cohesive and adhesive strength.
The compositions were treated by microwave electromagnetic fields in the preliminary stage prior to the introduction of a hardener. It was experimentally demonstrated that this treatment (see Fig. 1a ) improves the characteristics of adhesive strength of the polymeric matrix as compared with the untreated epoxy material. In particular, the adhesive strength of the polymeric matrix increases from 23 to 31 MPa after treatment for 30 sec. The microwave treatment leads to the formation of a more active state of macromolecules and, as a result, to the creation of free radicals intensifying the processes of sewing of the binder in the solid surface, which increases the cohesive strength of the modified epoxy matrix. These facts are in good agreement with the results of investigation of the physicomechanical properties of composites [3] . As follows from Fig. 1a , the maximal value of adhesive strength (σ a = 68 MPa) was observed in coatings containing red sludge as a result of microwave electromagnetic treatment for 30 sec. The procedure of treatment by microwave electromagnetic fields enables us to improve the adhesive characteristics of composites filled with TiB 2 and Cr 2 O 3 to values of 58.2 and 37.4 MPa, respectively. This can be explained by the formation of a uniformly distributed thixotropic structure due to the ferro-or paramagnetic nature of the fillers under the simultaneous action of microwave electromagnetic fields upon the composition, which is responsible for the orientation of particles on the surface of the substrate [4] . Under the optimal conditions, the electromagnetic field plays the role of disperser, which prevents the aggregation of structural elements and allows the formation of an oriented space arrangement of the filler in the matrix.
It is known [5] that the ferromagnetic surface can be characterized as a collection of microscopic domains with spontaneous magnetization. Under the action of microwave electromagnetic fields upon the coating applied to the metallic support, an uncompensated magnetic moment is formed in ferro-or paramagnetic dispersed particles (unlike the case of diamagnetic particles) and interacts with the magnetic field of the domain structure of the metallic base. This causes an additional adhesive interaction on the "steel-base -polymeric-composite" boundary appearing due to the presence of active centers formed under the action of the magnetic fields of the filler and the base. Therefore, we observe a texture of the domain structure under the conditions of sedimentation of the dispersed powders of red sludge, TiB 2 , and Cr 2 O 3 . In addition, the action of magnetic fields facilitates the process of structure formation in composites in the course of their formation as a result of the acceleration of ordering of dispersed particles in these composites. The improvement of adhesive characteristics and a much lower rate of the relaxation processes reveals the appearance of a large number of the centers of structure formation on the boundary of the polymeric composite with the base. These centers interact with the polymer via hydrogen bonds between the carbonyl groups of the resin and the hydroxyl groups of the dispersed filler [6] .
An important role in the improvement of adhesive and strength characteristics is also played by a large specific area of the surface of introduced fillers and, in particular, of red sludge. The subsequent treatment of the composition by a microwave electromagnetic fields (from 30 to 120 sec) leads to a nonmonotonic deterioration of the parameters of adhesive strength of polymeric composites explained by a noticeable increase in the temperature of the composition resulting both in a partial destruction of the epoxy oligomer and in the formation of a great number of pores.
It is known that the residual stresses increase with the degree of sewing of the epoxy binder [7] . Hence, the next stage of our investigations is connected with the analysis of the influence of microwave electromagnetic fields on the residual stresses acting in protective epoxy-composite coatings.
According to [8] , the residual stresses characterize, in the first turn, the degree of sewing of the epoxy oligomers. We study the serviceability of coatings under the conditions of long-term operation as a collection of parameters of residual stresses and adhesive strength. If the parameters of residual stresses are lower than 7-10% of the values of adhesive strength, then these coatings are suitable for long-term operation. At the same time, if their values attain 25-30%, then the residual stresses lead to the exfoliation of the coating. Hence, the level of residual stresses serves as one of the parameters both of the structural characteristics of the material and its operating properties.
In [9] , it was established that residual stresses and, hence, the rate of relaxation processes are strongly affected by the plasticizing admixtures to the analyzed systems. The introduction of plasticizers increases the mobility of the chains of macromolecules of the epoxy binder due to the changes in the conditions of physicochemical interaction between the macromolecules of the epoxy binder and the formation of microdomains with different molecular mobilities. Some molecules of the plasticizer enter the aggregates of supramolecular structures of the epoxy oligomer and become responsible for their higher mobility. This leads to changes in the modulus of elasticity and causes the formation of unsewed microdomains in the polymerized composite.
We compare the dependences of residual stresses (see Fig. 1b ) and adhesive strength (Fig. 1a) on the duration of treatment of the polymeric composition by microwave electromagnetic fields. It is demonstrated that this type of treatment (for 30 sec) guarantees the maximal increase in the residual stresses from 2.9 to 3.9 MPa with simultaneous elevation of the adhesive strength. The methods of infrared spectroscopy and electron paramagnetic resonance show that the microwave electromagnetic treatment leads to the formation of free radicals intensely interacting with hydroxyl centers on the surface of the metallic base. As a result, the content of the gel fraction in the matrix and the number of physical and chemical bonds in the volume of the polymer or on the "matrix-metallic-base" interface increase. Hence, the absolute value of residual stresses increases with simultaneous improvement of the physicomechanical properties of composites and, in particular, of their adhesive strength. Therefore, we must choose materials with low values of σ 2 /σ 1 .
In the course of investigation of the residual stresses formed in composites after the microwave irradiation for 30 sec, it is shown that the introduction of particles of red sludge or Cr 2 O 3 guarantees an increase in residual stress σ 2 from 3.3 or 2.75 MPa to 5.4 or 2.86 MPa, respectively. At the same time, we observe an increase in the adhesive strength of the coatings based on these fillers for the same duration of the microwave treatment. If particles of TiB 2 are introduced in the oligomer, then the microwave electromagnetic irradiation causes an insignificant decrease in residual stresses in the coatings σ 2 from 3.95 to 3.5 MPa. In this case, the maximum value of residual stresses is attained after 60 sec of this type of treatment. The indicated effect is caused by the formation of the outer surface layers [10] with heterogeneous structure as a result of the introduction of a filler in the binder. In this case, the geometric sizes of the outer surface layers and the degree of sewing in these layers strongly depend on the physical nature, degree of dispersion, and the critical content of the filler in the matrix. Hence, we can regulate the adhesive characteristics and residual stresses in the coatings, which mainly determine the overhaul life of the technological equipment, by the controlled introduction of the filler.
It is shown that, as a rule (with the exception of the coatings filled with TiB 2 particles), the modification of polymeric compositions by the action of microwave electromagnetic fields for 30 sec leads to an increase in the residual stresses acting in these coatings, as compared with the coatings without modifications of this kind.
It is demonstrated that the microwave treatment of compositions increases the degree of sewing of the matrix in the outer surface layers. This is confirmed by the increase in the absolute values of residual stresses as compared with the unmodified materials of coatings. The increase in the duration (60-120 sec) of the microwave treatment does not lead to any noticeable changes in the parameters of residual stress (with the exception of the epoxy composite coatings based on TiB 2 ). As a result of microwave irradiation for longer periods of time, we observe a decrease in the viscosity of the polymeric binder and the formation of the outer surface layers with nonuniform structures. This decreases the cohesive and adhesive strength of the material. We can state that the introduction of particles of ferro-and paramagnetic fillers with subsequent microwave treatment of a composition for 30 sec (60 sec for composites based on TiB 2 ) leads to an increase in the absolute values of residual stresses by 4-64%, which serves as a sign of the improvement of structural processes in the course of formation of materials with the indicated fillers.
CONCLUSIONS
We study the influence of microwave electromagnetic radiation on the adhesive strength and residual stresses in epoxy composite coatings filled with finely divided particles of the ferro-or paramagnetic nature. It is shown that the optimal duration of the microwave treatment is 30 sec. It is proved that the procedure of treatment improves the adhesive properties by 8-34%. Moreover, the cohesive parameters are also improved, as shown by the improvement of the intrinsic characteristics.
